Abstract -Detection, quantification and analysis of muscle fatigue is crucial in occupational/rehabilitation and sporting settings. Sports organizations such as Australian Institute of Sports (AIS) currently monitor fatigue by a battery of tests including invasive techniques that require taking blood samples and/or muscle biopsies, the latter of which is highly invasive, painful, time consuming and expensive. SEMG is non-invasive monitoring of the muscle activation and is an indication of localized muscle fatigue based on the observed shift of the power spectral density of the SEMG. But the success of SEMG based techniques is currently limited to isometric contraction and is not acceptable to the human movement community. This paper proposes and tests a simple signal processing technique to identify the onset of muscle fatigue during cyclic activities of muscles such as VL and VM during cycling. Based on experiments conducted with 7 participants, using power output as a measure of fatigue, the technique is able to identify the muscle fatigue with 98% significance.
I. INTRODUCTION
Enhancement of human performance is important for improvement of quality of life, for sports and for industry. For this purpose, it is essential to be able to determine the individual threshold at which the onset of fatigue occurs. Fatigue is the point at which the muscle is no longer able to sustain the required force or power output. Detection, quantification and analysis of muscle fatigue is crucial in occupational/rehabilitation and sporting settings. Undetected muscle fatigue can cause injury to the subject, and besides the pain and suffering that occurs as a consequence of injury, injury and its sequel are a financial burden to industry and society. Sports organizations such as Australian Institute of Sports (AIS) currently monitor fatigue by a battery of tests including invasive techniques that require taking blood samples and/or muscle biopsies, the latter of which is highly invasive, painful, time consuming and expensive.
The development of muscle fatigue during exercise is associated with a decrement in performance. Mechanisms of muscle fatigue depend on the exercise conditions (eg. duration and intensity) and the subject's level of physical fitness. The decrements in skeletal muscle power output is also related to neural drive reductions may also lead to muscle fatigue in prolonged exercise [8] . This leads to the use of electromyogram-a measure of the electrical activity of the muscle -as being an indicator of muscle fatigue.
Invasive markers of high intensity fatigue include depletion of high-energy phosphates including creatine phosphate, accumulation of metabolic bi products including [lactate] , [H + ] and inorganic phosphate [7] . Altered SR Ca
2+
ATPase and Na + , K + -ATPase activity have also been implicated in the fatigue process [14] . Fatigue during prolonged exercise leading to fatigue in 2-3 hours has been associated with depletion of muscle glycogen stores [6] . These measurements are valid and reliable indicators of fatigue but are invasive, and not practical outside the laboratory setting.
Some researchers have attempted to use the electrical activity of muscle and muscle activation using surface electromyogram (SEMG) to study fatigue using surface [1, 3, and 11] . SEMG is a result of summation of number of separate motor unit action potential in muscles and is dependent on numerous factors such as the rate of stimulation of the muscle, size of motor units recruited, morphology of the motor units, electrical properties of the tissues and the presence of any synchronisation of the activity of different motor units. The rate of stimulation of the muscle and size of active motor units is dependent on the force of contraction required to be produced by the muscle. It is a complex and non-stationary signal with large inter and intra subject variations.
Research analysis to date aimed at extracting from the SEMG an indication of localized muscle fatigue has been based on the observed shift of the power spectral density of the SEMG [2, 10] . When the muscle is fatigued, a strengthening of low-frequency components and a reduction in intensity of high-frequency components modifies the spectrum of the SEMG signal. Several parametric measures of SEMG signal have been used as a relative indicator of the muscle fatigue phenomenon for an individual subject. These include the Root Mean Square (RMS), spectrum analysis (instantaneous, mean and median frequency) and zero crossing rates. The authors have used a combination of wavelets and neural networks to reliably classify SEMG with isometric muscle contraction status [5] -a technique that is more reliable for identifying the onset of muscle fatigue [4] .
When the muscle is contracting to produce motion, the strength of contraction is varying and variation in SEMG is far greater than during isometric contraction. Muscle fatigue may occur due to isometric or non-isometric muscle contraction and may be due to low, high or very high level contraction and hence it is important that SEMG be able to identify the onset of muscle fatigue in both the conditions. The contraction may be due to aerobic or anaerobic origin [7] . The biochemical processes associated with the onset of muscle fatigue changes due to these different causes are believed to be different [12] . This makes the interpretation of SEMG signals from dynamic contractions much more difficult [9] . The success of the current techniques is limited to isometric contraction [4] and is not acceptable to the human movement community This paper reports a novel technique with the aim at determining the change of SEMG properties due to the onset of localised muscle fatigue during dynamic cyclic motion at high levels of contraction (30 seconds sprint). Power output by the athlete was used as the gold standard to identify the onset of muscle fatigue. The outcomes from this research would be to validate (via objective invasive procedures) the use of a novel, noninvasive marker (SEMG) for muscle fatigue to be utilised in industrial, rehabilitation and sporting situations.
II. THEORY
It has been well established that during isometric contraction, there is a shift in the spectrum of the recorded SEMG due to muscle fatigue. Studies by other researchers and experiments conducted by our team have determined that during cycling, the vastus lateralis (VL) and vastus medialis (VM) muscle undergoes cyclic contraction and the properties of SEMG vary cyclically from zero to maximum. Due to such variation in the signal, it is essential to establish a reference in a cycle for the purpose of determining changes. The proposed technique requires computing the envelope of the signal, determining the peak activity during the cycles and computing the spectrum using FFT for a 100 milliseconds window of the signal. This corresponds to 20 Hz lower end frequency and the duration corresponds to 45 degrees of the cycle and the region of maximal contraction of the muscles and hence was the most suitable compromise. To overcome the difficulty due to inter-subject variation, ratio of the median frequency and RMS under pre and post fatigue conditions has been considered to identify the change. This paper also reports the use of markers that determine the angular location in each cycle for correlating the muscle activity with this location. This paper reports the identification of the onset of muscle fatigue by the drop in power output and reduction in speed of cycling.
III. METHODS/ RESEARCH PROCEDURE
Seven (7) moderately active male volunteer participants were recruited (age ranging between 18-40 years) and were medically screened. Written consent was signed by them before participating in the study.
A standardized 30 sec cycle test to fatigue on a Lode ergo-meter with customized software for sprint measurements was conducted. Power output was measured along with SEMG. The subject was termed as 'fatigued' when the power output drops by greater than 33%.
The skin was lightly abraded using disposable skin defoliator and cleaned with a swab soaked in alcohol to reduce skin impedance to less than 60 K . Heart-rate was monitored (Polar, Finland) to ensure safety of the participant. SEMG was recorded from the three channels (Table 1) using Delysis (USA) SEMG recording system with fixed inter-electrode distance.
Windowed RMS was computed to identify the envelopes and bursts of activity. Three cycles near the start and near the end of the exercise (pre and post fatigue conditions) were considered. The peak of each cycle was identified based on moving root mean square (MRMS), and a small section (100 milliseconds) of the raw SEMG data were analyzed (figure 1). The first and the last cycle of the recordings were discarded because of sudden changes taking place during these segments. Signal processing was done using MATLAB software package.
The RMS and median frequency of each of the three envelopes representing the post and pre fatigue conditions were computed. An average was computed for pre and post fatigue condition. Using this, ratio of the pre and post RMS and MF was computed for each subject and for the five channels. A ratio less than one would indicate a decrease due to fatigue. The results were statistically evaluated to determine the significance. Figure 3 plots the ratio of normalized RMS of the windowed signal under pre and post fatigue conditions while figure 4 plots the ratio of normalized median frequency of the windowed signal under pre and post fatigue conditions. The power output of the athlete at the cycle wheel for the duration of the sprint is plotted in figure 5 . Variation of the speed of cycling over the duration of the sprint is plotted in figure 2 . figure 3 it is observed that there is little change in RMS of SEMG pre and post muscle fatigue. From figure 4 it is observed that there is a drop of about 20% of median frequency for all the five channels. From figure 5 it is evident that the power maximum occurs at the end of the first quarter followed by a gradual decline and the final power output is approximately half of the power at the start.
IV. RESULTS
Similar is the trend in the speed of cycling as this can be noticed from figure 2. Some of the specific observations and subsequent conclusions are:: (i) There is a significant (90%+) decline in the median frequency of all the channels by an approximate 20% with (table 2) suggesting the use of median frequency ratio as a useful measure of muscle fatigue during maximal exercise.
(ii) There is no significant change in the RMS of channel 1, 2 and 3 (less than 75%). This suggests that magnitude of SEMG is not significantly affected by the fatiguing of the muscles during dynamic activity.
(iii) There is a significant reduction of power output by the cyclist with average reduction greater than 50%. This suggests that in all cases, there was significant muscle fatigue due to the 30 seconds fixed load sprint.
(iv) Visual inspection suggests that the reduction in power is directly related to reduction in speed of cycling. Thus it appears that muscle fatigue affects the speed of cycling which results in reduction in power output.
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